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Abstract 
This paper demonstrates the design and development of an Integrated micro-Environmental Monitoring System (IEMS), which 
aims to provide an effective platform for micro-environmental monitoring in construction sites. The system mainly comprises 
three parts: sensing device, server platform and Android application. The monitoring sensing device is equipped with an Arduino
microprocessor, wireless communication modules and environmental sensors including humidity, temperature, dust intensity, UV 
radiation, noise index sensors. In addition, a correction algorithm and a random error detection method were developed and 
integrated in the processing engine running at the background server platform. Multiple sets of monitoring sensing devices were
deployed in a construction site for evaluation. This system is the first ever developed and used system in construction sites to
monitor micro-environmental conditions for improving safety and health assessment. This system can also be modified for other 
applications (e.g. in bus terminal, shopping mall, factory, as well as in household apartment).    
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Building and civil engineering works have been playing a significant role in the infrastructure development of 
Hong Kong. Recent construction works such as Hong Kong-Zhuhai-Macao Bridge, West Kowloon Cultural District, 
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new development in Kai Tak areas and other forthcoming construction works are anticipated to reach 160 billion in 
the next 10 years. With such huge construction demands involving different levels of personnel from workers to 
project managers on-site, the safety and health issues in construction sites are of great concern.   
Construction workers are often exposed to physical environmental hazards on-site, such as heat, UV radiation, 
noise and air pollution. Excessive exposures to these hazards may result in injury, chronic illness, permanent 
disability or even death1. For example, prolonged works under direct sun may cause sunburn, heat exhaustion, or 
even heat stroke. Several cases of heat stroke have been reported from the construction industry in the last few 
years. High decibel levels from operating machines may also distract concentration and even cause permanent 
hearing loss under long period exposures. Dust pollution in construction sites is a common and well-recognized 
problem; long-term exposure to excessive dusts may cause serious lung diseases.  
A good practice of safety and health management not only protects construction workers from environmental-
related hazards, the improved working environment can also escalate the working efficiency and productivity, thus 
creating a win-win situation. In current practices, safety officers report and announce weather and environmental 
indices such as temperature and air quality health index based on the information from the Hong Kong Observatory 
(HKO) and the Hong Kong Environmental Protection Department (EPD). However, data provided by HKO and 
EPD are collected at limited locations, representing only at district-scale. These information are not accurately 
representing the rapidly changing and adverse micro-environmental conditions in construction sites. Thus, a real-
time, automatic Integrated micro-Environmental Monitoring System (IEMS) was developed in this research.  
Some low-cost sensing devices/platforms have been developed and used for managing air pollution2,3. However 
there are only a few integrated sensors/platforms in the market and none of them is tailor-made for construction 
environment. A bespoke mobile micro-environmental sensing device was developed by our research team which 
provides a low-cost, well-established automatic environmental quality monitoring solution for construction sites.  
2. Methodology 
2.1Monitoring device development 
The design of the IEMS are shown in Fig. 1. The Integrated micro-Environmental Monitoring Device (IEMD) can 
be deployed in different locations on-site, and they can also be carried by safety officers. Acquired data from the 
IEMD combined with associated locations can be directly transferred to the web server via Wi-Fi and 3G (Fig. 2). 
Thus, coupled with both GPS, Wi-Fi and 3G, the IEMD can be placed anywhere to collect both environmental data 
and indoor/outdoor positions. 
Safety officers and site managers are able to access current data and receive “warning” notices through their smart 
phones. A LCD monitor can be installed at a prominent place for displaying the real-time environmental conditions 
and corresponding advice to construction workers. In addition, safety officers and site managers can review and 
evaluate the environmental impacts during construction by using our analysis tools and visual data output displayed 
in a BIM platform. 
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Fig. 1. Overview of Integrated micro-Environmental Monitoring System 
Fig. 2. Web-based analysis tool of IEMS 
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2.2 Correction Model 
2.2.1 Differentiate Correction Algorithm 
The rationale of the Differentiate Correction Algorithm is to estimate the difference between high accuracy data 
output from reference station and low accuracy data output from nearby stations in order to correct five 
environmental parameters (e.g. temperature, humidity, noise, dust and UV) in both spatial and temporal context. 
Data from referenced station are deemed as T0, H0, N0, P0, U0, and corrected data from IEMS are deemed as T, H, N, 
P, U. Thus, the differences between two different groups of sensors can be calculated in real time as follows:  
                                                                                                                                                       
(1) 
The correction parameter will be estimated and sent to the IEMD. Then, the IEMS can use these correction 
parameters to archive more accurate results as follows: 
                                                                                                     
(2) 
where T’p, H’p, N’p, P’p, U’p is the original output of every sensor, T’n, H’n, N’n, P’n, U’n are the corrected data. 
However, there are still some other factors affecting the reliability of this algorithm: (i) sensor errors and (ii) 
device out-of-sync errors. For sensor errors, they can be categorized into two parts: internal and external. For 
internal errors, they are more related to sensor design, structure, material, and size. For external errors, the 
environmental conditions should be taken into account, which means spatial factors should be considered. 
Device out-of-sync errors occur when the acquisition time of IEMD and reference station are not synchronized. 
These factors should be considered and analyzed, thus the Differentiate Correction Algorithm was further modified. 
2.2.2 Factors affecting accuracy of IEMS 
1. Spatial factor 
According to Waldo Tobler, “everything is related to everything else, but near things are more related than distant 
things”4, thus, the correction model should consider the spatial differences between the IEMD and referenced 
station. The spatial factor is determined by a distance decay model which is determined for different environmental 
parameters e.g. temperature, humidity. The model can be corrected using following equation: 
0( )T s T T'                                                                                                                                                             (3) 
where s is the spatial factor and it can be classified into an integer as Fig. 3 illustrated. 
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Fig. 3. Relationship between spatial factor and distance
There is a critical distance value, where the accuracy of correction does not change significantly in a certain decay 
distance. The spatial factor s can be regarded as 1 when the distance is less than a threshold. The accuracy of the 
correction becomes lower with the increase in distance.  
The use of correction derived from a single referenced station by considering the spatial factor is appropriate for a 
small construction site. A correction model based on multi-referenced stations suitable for large construction site is 
proposed in section 2.2.3.  
2. Time factor  
This factor is used to correct the out-of-sync error. For example, the IEMD temperature sensor collects data at 
time t1, however, there may be no such corresponding referenced temperature data available at time t1. As a result, it 
is necessary to identify two temperature referenced data which are the closest to time t1 and a corrected referenced 
time can be calculated as follows: 
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where 
2T  and 3T  are two referenced data which are the closest to time t1.
2.2.3 Multi-referenced Station Correction Model at a large construction site 
A single referenced station correction model may not be able to use at a large construction site. A multi-
referenced station correction model can be adopted for processing the data when spatial factor s is less than 1. The 
rationale of this correction model is based on the inverse distance weighted method5.
The IEMD sensor receives correction parameters from the nearest reference station. The spatial distance of these 
two devices are computed. When the spatial factor is equal to 1, only one referenced correction model will be 
utilized. While the spatial factor is less than 1, the nearest n referenced stations will be utilized in the multi-
referenced station correction model (Fig. 4). 
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Fig. 4. Diagram of multi-referenced station correction model 





















                                                                                                                                     (5) 
where n is the number of referenced stations, id  is the distance of the corresponding station, iT'  is the correction 
value of the corresponding station. In addition, the number of nearest referenced stations should be estimated by the 
spatial factor. A referenced station far away from the IEMS sensor will not be selected. 
2.3 Detection of random and systematic errors/biases 
There exists two types of random and systematic errors/biases, one is the error caused by sensor device or 
environmental condition. Another type is the error caused by depreciation of sensors. 
2.3.1 Detection of random errors/biases 
Standard deviation can be used to identify the random errors and biases. According to the basic method of 
detecting random errors, moving standard deviation is a common and useful method to distinguish random errors 
from a time series data. In the equation (6), the value of current data point is computed as the standard deviation 
value of the last nth data points. 
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 (6) 
When users first start the IEMS system, the first n data will not be used to calculate moving standard deviation. 
And these data should be ensured not to involve any errors by comparing with the data from the referenced station. 
A critical level is crucial to determine whether the moving standard deviation is normal. This value can be changed 
due to seasonal variation of the environment. Fig. 5 illustrates the rationale of using moving standard deviation. 
Fig. 5. Rationale of moving standard deviation 
2.3.2 Correction of random errors and biases  
After locating the random errors, these data should be corrected. A regression model is adopted, using the last n
data series, to predict a forecasting value in current time according to Equation (7): 
( )CorrectedData F t                                                                                                                                              (7) 
where ( )F t  is the regression function fitted using the last n data points and t  is the current time in the case of 
random error. Different environmental parameters require different regression functions respectively, e.g. 
temperature regression model is illustrated in Fig. 6. The detection and correction functions should work at every 
time instant. 
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Fig. 6. Example of correcting the random error 
3. Conclusion and Future Works 
This study shows the development of an Integrate micro-Environmental Monitoring System (IEMS) and its 
application in the construction site. The monitoring system and its real-time data transmission demonstrated the 
feasibility on the real application in construction site, where the current practice only relies on the broadcasting data 
from the Hong Kong Observatory and the Hong Kong Environmental Protection Department at limited stations in 
Hong Kong. Specific health and safety objectives can be realized by the IEMS, including automatic risk assessment, 
controlling and reducing environmental pollution and raising the awareness of environmental quality in working 
sites. Further applications in different micro-environments e.g. bus terminal, shopping mall, factory, as well as in 
household apartment will be studied in future research.   
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